Abstract. The accumulation of selenium by rye at different stages of development depending on the dosages of selenium and pH of soil was investigated. The findings testify that in case of increased selenium content in the soil selenium concentration in the plant also increased. Moreover, it was revealed that in the process of vegetation total selenium content in the rye increases; however the intensity of selenium accumulation by plants decreases. The positive effect of low concentrations of selenium on biomass accumulation of rye plants was found. The total protein content in rye grain was higher by application of selenium. The results of this work show the possibilities of applying of the seleniferous fertilizers for the increasing in the content of micronutrient in the grain plants. The recommended optimal concentrations of selenium additive are 0.01-0.05 mg kg -1 of soil.
Introduction
Rye (Secale cereale L.) is one of the most important cereals in middle, eastern, and especially north Europe. Among the cereals, rye can be grown under extreme climatic and poor soil conditions. On a global scale rye is a minor crop, its production being about 5% that of wheat or rice (Korzun et al., 2001) . However, recently, interest in this crop has increased because of its dietary value. Rye is especially rich source of phytochemicals such as phenolic acids, lignans, alkylresorcinols and benzoxazinoids (Pihlava et al., 2018) .
So far scientists do not know for certain whether selenium is an essential microelement for growth and development of plants. Some researchers admit necessity of selenium for plants others believe that selenium is not an essential element for normal life history of vegetative organism. However, there are a number of facts confirming positive influence of selenium on various life processes. Thus, it has been established that selenium increases antioxidant potential and stress-resistance of plants, stimulates their growth in the conditions of oxidation stress caused by UV-radiation (Hartikainen and Xue, 1999; Xue and Hartikainen, 2000; Pennenen et al., 2002; Germ et al., 2007; Golob et al., 2018) , herbicides, hypothermia (Seppaenen et al., 2003; Xu et al., 2003) , drought stress (Nawaz et al., 2015a; Aissa et al., 2018 ), plant's ageing (Xue et al., 2001; Djanaguiraman et al., 2004 Djanaguiraman et al., , 2005 , salt stress (Kong et al., 2005; Diao et al., 2014; Jiang et al., 2017) . There has been noted increase of yield level of some plants further to application of low concentrations of selenium (Graham et al., 2005; Thavarajah et al., 2015; Nawaz et al., 2015b) . Positive effect of selenium is also revealed in increased germinating capacity and improved survival potential of plantlets in stress conditions (hypo-and hyperthermia, hypoxia, soil salinity and acidulation etc.) In the presence of selenium lipid membrane peroxidation processes in conditions of high light intensity and low temperatures are reduced, testifying to the effect that selenium has an influence on oxidation-reduction cell status (Zhu et al., 2009) .
Selenium intake by plants from soil depends on many factors, for instance, on soil pH, humus content, chemical form of selenium (Zhao et al., 2005; Hawrylak-Nowak et al., 2015) . Other important factor able to influence selenium quantity in plants is plant species. There are certain selenium accumulating plants, which accumulate from 100 to several thousand mg Se per kg of dry substance, in other plants including cereals selenium content is 0.01-1.00 mg kg -1 on the average (Terry et al., 2000; Wangeline et al., 2011; Pilon-Smits, 2017) . Lyons et al. (2005) showed that the main reason for variability in the content of selenium in some cereals (wheat, barley, rye) is the selenium concentration in the soil, but not genotypic variation. Similar findings were also obtained in studies with three varieties of wheat (Sharma et al., 2015) .
Analysis of selenium accumulation pattern is very important both for study of biochemical role of this microelement for plants and to study application potential of selenium-containing fertilizers in order to increase selenium supply of animals and humans.
Purpose of this paper was to study selenium accumulation by rye (Secale cereale L.) at various ontogenesis stages subject to application of selenium additive to the soil and the impact of this on the yield and grain quality.
Materials and methods

Plant cultivation
The pot experiment was conducted in Kaliningrad, Russia (54°43'N, 20°30'E), from 12 April till 17 July, 2015, in a glass covered greenhouse of the Institute for Chemistry and Biology at Immanuel Kant Baltic Federal University. The greenhouse was not heated and we followed the natural light cycle, no additional lighting was supplied. Common rye (Secale cereale L.) cv. Pukhovchanka was used for experiments. The rye was grown in culture pots in permanent-set soil having pH 5.4 and pH 6.6. The dimension of pot was 29 × 20 cm (height × radius) and each pot contained 10 kg of soil. Selenium was applied in the soil in the form of a sodium selenate solution (Na2SeO4) in concentrations 0.01 mg, 0.05 mg, 0.1 mg, 0.5 mg (in terms of 1 kg of the soil). Selenium effect on the plants was compared to control treatment (without selenium supplementation). Initial selenium content in the soil was 0.084 mg/kg. Moreover, following basic fertilizers were applied: 0.17 g of nitrogen in terms of ammonium nitrate, 0.13 g of P2O5 in terms of potassium hydrophosphate, 0.28 g of K2O in terms of potassium hydrophosphate and sulfate and 0.044 of MgO in terms of magnesium sulfate per kg of the soil. Solutions of fertilizers and sodium selenate were applied in such manner so that they cannot mix with each other. First in extreme points of soil surface square basic microelements were applied, whereas sodium selenate was applied in the central point. After the soil dried out it was mixed and the rye was planted. Into each pot were planted 20 plants. During experiments the plants were watered with distilled water.
The analysis of plant were performed at three plant growth stages (GS): at tillering stage (GS 26, main shoot and 6 tillers), booting stage (GS 45, mid-boot stage: boots just
Statistical analysis
Statistical analysis was performed using the SigmaPlot 12.3 (Systat Software GmbH, Erkrath, Germany). The mean of four independent samples were taken to represent the result of each replicate. The results were reported as mean ± standard deviation (SD). To identify the difference in means the one-factorial ANOVA was conducted for each factor (selenium application, growth stage, pH of soil, organs of plant) separately Difference among means were determined by Tukey's test at a significance level of p ≤ 0.05.
Results
Accumulation of selenium in rye at different stages of development
In order to study selenium accumulation by the rye the plants were grown in the soil enriched with this microelement in concentrations 0.01-0.5 mg Se kg -1 of soil. Findings on selenium content in vegetative specimen were compared to the plant without selenium supplementation. Initial selenium content in the soil was 0.084 mg kg -1 . Selenium was identified in above-ground part of the plant at three stages of vegetation. Results of study of relation between selenium content in all plant and quantity of selenium applied in the soil at different stages of the plant ontogenesis are shown in Figure 1 .
The findings testify that in case of increased selenium content in the soil selenium concentration in the plant also increased. Thus, after application of 0.05 mg of selenium per kg of soil, 4.74 ± 0.06 µg of selenium was identified in the plant (at milk development stage), while after application of 0.5 mg of selenium per kg of soil selenium content in the plant was almost 16 times higher -74 ± 2 µg. Moreover, it was revealed that in the process of vegetation total selenium content in the rye increases, however as it is obvious on the picture intensity of selenium accumulation by plants decreases.
In order to study intensity of selenium accumulation by the rye at different ontogenesis stages total selenium content in the plant was calculated per gram of vegetating mass. Dependence of selenium concentration in the plant on selenium concentration in the soil is illustrated in Figure 2 . 
Influence of soil pH on the selenium accumulation in rye
As seen from the provided data, soil acidity difference being investigated influenced selenium intake by the plant. And considerable difference was obvious for the plants grown in the soil enriched with this microelement ( Table 1) . The significant higher concentration of selenium in rye plant growing on less acidic soil (pH 6.6) was determined. However, at tillering stage in plant growing on soil with pH 5.4 and without selenium supplementation the concentration of selenium was higher. At the later stages of plant development (booting and milk development), no significant difference in the selenium concentrations in plants growing on the soil with different acidity and without selenium additives was found.
At the same time, it was revealed that nature of selenium accumulation by the rye in the process of vegetation does not depend on the soil acidity: at the early stage of development -at tillering stage the microelement was received by the plant intensively, at the same time total selenium content in the plant increased. 
Selenium distribution in different organs of the rye plant
Study of selenium distribution in different organs of the rye plant testified that selenium content in the grain was higher than in the stem ( Table 2) . It was particularly evident in case of low selenium content in the soil; in case of higher selenium additives in the soil difference between its content in the stem and in the ear became not so evident. Thus, there was no significant difference between the content of selenium in the stem and grain of plants grown with the addition 0.05 mg selenium per kg soil and by soil acidity of 5.4. 
Effect of soil applied selenium concentration on biomass accumulation of rye
This paper studies effect of applied selenium soil addition on accumulation of biomass by the rye plants at various ontogenesis stages ( Table 3 ). The findings show that optimal for the rye plant is selenium additive in concentration of 0.01-0.05 mg kg -1 of soil (soil pH is 6.6). Under these conditions at all stages of development the plants built up maximum biomass both compared to the reference specimen and to the specimen with higher selenium concentrations. At booting stage positive effect of selenium additive in the form of sodium selenate was fixed for all plants irrespective of concentration of selenium applied in the soil. In the case of soil pH 5.4 selenium effect on the plant was more toxic. Positive effect was fixed at tillering stage after application of 0.01 mg Se kg -1 of soil and at booting stage after application of 0.05-0.1 mg Se per kg of soil, whereas at milk development stage selenium effect was purely toxic irrespective of concentration. Moreover, we studied selenium effect on accumulation of biomass separately by the ear and stem of the rye ( soil pH 6.6 promoted increase of biomass both of the stem and of the ear. At this, for the ear stimulating effect of selenium was fixed for all its concentrations, while maximum ear mass was fixed after application of 0.05 mg Se kg -1 of soil. In more acid soil we revealed mass decrease both for the ear and the stem after enriching the soil with selenium. 
Influence of selenium on quantitative composition of reserve protein fractions in rye
Quantitative composition of reserve protein fractions was depending on selenium supply concentration to the soil ( Table 5 ). The total protein content was higher by application of selenium. However, only the contents of globulin and glutelin in the rye grains increased with increasing Se fertilization. For albumin maximum of content was shown for low selenium concentrations (control and 0.01 mg kg -1 ). Prolamin concentrations were not affected by selenium concentration in soil. 
Discussion
The study of selenium accumulation by the rye plants at different growth stages in depending on selenium soil application in concentrations 0.01 -0.5 mg Se kg -1 was conducted. There are four main methods for selenium application to plants: (1) adding Se to the soil; (2) foliar or fruit spraying; (3) soaking seeds in a Se solution before sowing; and (4) hydroponic cultivation with a nutrient solution containing Se (Puccinelli et al., 2017) . The first two methods are most widely used due to their efficient and convenient. Despite a number of advantages of foliar processing, it is important to take into account the structural and chemical characteristics of the plant leaves. In the case of cereals, it is very difficult to produce true foliar processing, some fertilizer is deposited on the soil and extracted by the plant from there. In addition, the application of selenium into the soil before planting, allows us to estimate its accumulation into the plant at different stages of development. The findings on selenium accumulation by the rye plants display in general the picture typical for cereals, when some elements (especially those participating in synthesis of labile organic compounds) are absorbed by plants at early ontogenesis stages with a rate exceeding dry substance accumulation. Later, after completion of tillering stage stem starts its intensive growth, which leads to sharp decrease of relative content of these elements in dry substance as a result of "dilution" effect.
The one reason of increased intensity of selenium accumulation by the rye in ontogenesis in the course of our experiment was probably exhaustion of the soil in the culture pot as a consequence of absorption of most part of selenium from the soil at initial stages of the plant development. However, as computation shows selenium content in the soil after tillering stage decreased by 1-2%, while selenium concentration per gram of dry vegetating material decreased by 20%. Therefore, the reason of decreased intensity of selenium accumulation by the plants in vegetation process could not be only soil exhaustion with this microelement.
High selenium content in vegetating material at tillering stage was probably associated first of all with physiological functions of selenium. At tillering stage metabolic processes in nurslings are active resulting in intensive generation peroxides of hydrogen and organic molecules, by-products of many biochemical reactions. Hypothetically selenium microelement in plants, same as in mammal organisms, is an essential component of antioxidant system contributing to cell protection against destructive effect of active forms of oxygen. Antioxidant action of selenium may be explained by its influence on activity of glutathione-peroxidase -ferment having foremost significance in protection of plant cell from continuously generated hydroperoxides (Durán et al., 2016; Wu et al., 2017) . Thus, intensive selenium accumulation by rye plants at tillering stage testifies to important role of this microelement for normal growth of rye especially at early stages of the plant development.
Assimilation of selenium by the plant is influenced by the physicochemical factors of the soil, such as redox status, pH and microbiological activity (Mehdi et al., 2013) . In the present study the rye plant growing on less acidity soil accumulated more selenium. Increase of selenium content in the plants grown in less acid soil can be explained, on the one hand, by the fact that in the soil of high acidity anionic adsorption increases therefore most part of selenium is in absorbed condition, on the other hand, in case of low soil pH, hexavalent selenium is more prone to restorative process, and consequently in acid soil it is mostly in the form of selenite-ion which is not easily accessible for the plants. Lack of trustworthy difference in selenium intake by the plants depending on soil acidity in the case of small concentrations of the microelement is most probably conditioned by the fact that absorption and restorative processes insignificantly influence total pool of bioavailable selenium in the soil.
The study indicated that selenium predominantly accumulates in the grain, in comparison with the stem of rye. This result conforms to literary facts received earlier for winter wheat (Schulz et al., 1998) . Selenium concentration in the grain was conditioned, most of all, by its physiological role in the plant, in particular, by selenium ability to substitute sulfur in most important amino acids (Sors et al., 2005; Reynolds et , 2017; El Mehdawi, 2018) . Moreover, predominant selenium accumulation in the ear may indirectly evidence necessity of this microelement. Such result is also of practical importance and should be taken into account when enriching cereals with selenium in order to increase selenium supply of animals and humans.
One of the peculiar features of selenium microelement is its dual nature, i.e. possible manifestation of both antioxidant and pro-oxidant features. Basic factor conditioning one or another selenium action is its concentration.
Positive effect of selenium on growth processes of the rye may be connected with its antioxidant features, i.e. ability to liquidate excessively accumulated free radicals. Thereupon excessive quantities of selenium, on the contrary, lead to intensification of generation processes of active oxygen forms. Some authors attribute positive effect of selenium on plant growth processes to its influence on hormonal status, in particular, under effect of sodium selenite increase of indoleacetic acid and decrease of abscisic acid were observed (Wang et al., 2018) .
Negative effect of high concentrations of selenium on accumulation of biomass by the rye plants may also be attributed to substantial disturbance of the cell amino acid balance. Rye pertains to the plants of the 3rd group, i.e. plants not accumulating selenium, for which excessive substitution of cysteine or methionine in proteins by selenium-cysteine or selenium-methionine is particularly typical. At soil pH 5.4 selenium effect on the plant was more toxic. Toxic effect of selenium for the plants grown on more acid soil may be attributed to the fact that at this pH selenate-ion is more prone to restorative processes and may transform to selenite-ion form being more toxic for plants.
The influence of selenium on protein metabolism has been shown in this work. The content of the total protein was higher by the addition of selenium, in particular by increasing the proportion of globulins and glutelin. Earlier a number of authors also noted that the biological role of selenium in plants can be associated with its effect on the metabolism of nitrogen (Poluboyarinov and Golubkina, 2015; Reis et al., 2018 ).
Conclusions
The research shows that selenium is more intensively accumulated by the rye plants at initial stage of development, it is mainly concentrated in the plant's ear, and in small concentrations selenium exerts simulating effect on biomass accumulation. Thus, the findings certify to the important biological importance of selenium for growth and development of plants. However, mechanisms of protection effect of selenium in vegetative organisms remain unclarified. One of possible mechanisms of such effect is selenium antioxidant features which were proved in respect with humans and animals.
In addition, this study identified the optimum concentration of selenium supplements (0.01-0.05 mg Se kg -1 soil). By these concentrations not only increase of studied plants biomass, but also achieved the necessary level of selenium (100 μg g -1 ) in cereals, which guarantees the security of this trace element humans and animals were observed. Thus, the data allow more fully uncover the function of this trace element in plants, and thus create the basis for the use of selenium-containing fertilizers is not only to increase the availability of selenium for humans and animals, but also to increase the productivity of crop production. The differences in the mean values among the treatment groups are greater than would be expected by chance; there is a statistically significant difference (P = <0.001).
APPENDIX
One way analysis of variance
Power of performed test with alpha = 0.050: 1.000 The differences in the mean values among the treatment groups are not great enough to exclude the possibility that the difference is due to random sampling variability; there is not a statistically significant difference (P = 0.147).
Power of performed test with alpha = 0.050: 0.196
The power of the performed test (0.196) is below the desired power of 0.800. Less than desired power indicates you are less likely to detect a difference when one actually exists. Negative results should be interpreted cautiously. The differences in the mean values among the treatment groups are greater than would be expected by chance; there is a statistically significant difference (P = <0.001).
Power of performed test with alpha = 0.050: 1.000 The differences in the mean values among the treatment groups are not great enough to exclude the possibility that the difference is due to random sampling variability; there is not a statistically significant difference (P = 0.275).
Power of performed test with alpha = 0.050: 0.084
The power of the performed test (0.084) is below the desired power of 0.800. Less than desired power indicates you are less likely to detect a difference when one actually exists. Negative results should be interpreted cautiously. The differences in the mean values among the treatment groups are not great enough to exclude the possibility that the difference is due to random sampling variability; there is not a statistically significant difference (P = 0.406).
Power of performed test with alpha = 0.050: 0.049
The power of the performed test (0.049) is below the desired power of 0.800. Less than desired power indicates you are less likely to detect a difference when one actually exists. Negative results should be interpreted cautiously. The differences in the mean values among the treatment groups are greater than would be expected by chance; there is a statistically significant difference (P = <0.001).
Power of performed test with alpha = 0.050: 1.000 The differences in the mean values among the treatment groups are greater than would be expected by chance; there is a statistically significant difference (P = <0.001).
Power of performed test with alpha = 0.050: 1.000 The differences in the mean values among the treatment groups are not great enough to exclude the possibility that the difference is due to random sampling variability; there is not a statistically significant difference (P = 0.075).
Power of performed test with alpha = 0.050: 0.353
The power of the performed test (0.353) is below the desired power of 0.800. Less than desired power indicates you are less likely to detect a difference when one actually exists. Negative results should be interpreted cautiously. The differences in the mean values among the treatment groups are greater than would be expected by chance; there is a statistically significant difference (P = <0.001).
Power of performed test with alpha = 0.050: 1.000 The differences in the mean values among the treatment groups are greater than would be expected by chance; there is a statistically significant difference (P = 0.003).
Power of performed test with alpha = 0.050: 0. The differences in the mean values among the treatment groups are not great enough to exclude the possibility that the difference is due to random sampling variability; there is not a statistically significant difference (P = 0.079).
Power of performed test with alpha = 0.050: 0.371
The power of the performed test (0.371) is below the desired power of 0.800. Less than desired power indicates you are less likely to detect a difference when one actually exists. Negative results should be interpreted cautiously. The differences in the mean values among the treatment groups are greater than would be expected by chance; there is a statistically significant difference (P = <0.001).
Power of performed test with alpha = 0.050: 0.983
All pairwise multiple comparison procedures (Tukey Test):
Comparisons for factor: The differences in the mean values among the treatment groups are greater than would be expected by chance; there is a statistically significant difference (P = <0.001).
Power of performed test with alpha = 0.050: 1.000
All The differences in the mean values among the treatment groups are greater than would be expected by chance; there is a statistically significant difference (P = 0.009).
Power of performed test with alpha = 0.050: 0.802
Power of performed test with alpha = 0.050: 1.000 
